cellulitis (Schubert et al. 1992) . Salivary gland cGVHD causes salivary dysfunction and xerostomia (Sale et al. 1981; Imanguli et al. 2010) , contributing to oral infections and increased caries risk (Castellarin et al. 2012) (Fig. 1B) . Oral or perioral cGVHD, which includes sclerosis affecting the mouth or face, can limit mouth-opening (Imanguli et al. 2008; Mays et al. 2013) (Fig.  1C ). Oral cGVHD may be described as 3 distinct pathologies affecting the mouth: oral mucosal disease, salivary dysfunction, and limited mouth-opening. These oral cGVHD pathologies have been described separately in the literature Mays et al. 2013 ), but their interrelated prevalence in a large and well-characterized group of patients with cGVHD has not been reported.
The clinical presentation of several autoimmune conditions is similar to that of oral cGVHD. Lichen planus manifests as oral mucosal disease with a spectrum of changes similar to those seen in oral mucosal cGVHD (Sato et al. 2006; Pimentel et al. 2010 ). Sjögren's syndrome causes salivary dysfunction, similar to the dry mouth seen in salivary gland cGVHD, though the pathology differs (Lawley et al. 1977; Sale et al. 1981) . Scleroderma has been associated with limitation of mouth movement as part of its systemic sclerosis pattern (Vincent et al. 2009; Kobak et al. 2013 ). These similarities have led us to form hypotheses about the associations of the oral features of cGVHD with other organ manifestations of cGVHD, suggested by these autoimmune diseases. Hypothesis 1: The extraoral manifestations of lichen planus mainly affect the skin and mucosal tissues; therefore, an association will exist between oral mucosal cGVHD, skin erythematous cGVHD, and genital cGVHD. Hypothesis 2: The extraoral manifestations of Sjögren's syndrome mainly affect the lacrimal glands; therefore, an association will exist between salivary and lacrimal dysfunction in cGVHD. Hypothesis 3: Scleroderma causes skin sclerosis; therefore, limited mouth-opening will be associated with skin sclerosis in patients with cGVHD.
This cross-sectional study examined a large registry of wellcharacterized cGVHD patients to determine the level of association of the separate components of oral cGVHD (mucosal disease, salivary dysfunction, and limited mouth-opening) with cGVHD manifestations at other body sites, and to determine the association of the 3 components of oral cGVHD with each other.
Materials and Methods

Study Population
Patients in this study were participants in a cGVHD natural history study at the National Institutes of Health (NIH) (clinical trials.gov #NCT00331968), and were referred to NIH and diagnosed with cGVHD according to the definition of the NIH Consensus Group Criteria (Filipovich et al. 2005) . Participants underwent a 4-day, one-time visit evaluation by a multidisciplinary team of clinical experts in dermatology, ophthalmology, dentistry, rehabilitation medicine, gynecology, pain and palliative care, and HCT care. Clinical assessments and patientreported forms were recorded at the time of each participant's visit by means of predefined data collection instruments. This research project was approved by the NCI Institutional Review Board (IRB).
Variables and Comparisons
Oral evaluation. The main variables of study involved scoring for oral cGVHD: oral mucosal scoring, xerostomia scoring and salivary function tests, and maximum mouth-opening measurements. Oral evaluation was performed by dentists, calibrated for oral cGVHD evaluation, through the NIH, Clinical Center Dental Clinic. Oral mucosal disease was determined according to the NIH Oral Mucosal Score (OMS), with clinical activity judged by the extent and severity of erythema, lichenoid lesions, ulcerations, and mucoceles in the intraoral cavity, and based on the Oral Mucositis Rating Scale (OMRS) . For this study, cutoff values were assigned for comparative analysis. Patients with an NIH OMS > 2 were assigned as having oral mucosal cGVHD (Fassil et al. 2012 ). Five-minute unstimulated whole saliva was collected in the morning, when clinically possible, by having patients expectorate every 30 s for 5 min into a sterile 50-mL conical tube held on ice. Low salivary flow rate was defined as ≤ 1 mL/5 min, a threshold set for severe salivary dysfunction (Imanguli et al. 2010) . Maximum mouth-opening was measured by means of a TheraBite ® measuring scale (Atos Medical AB, Hörby, Sweden), and limited mouth-opening was defined as the inability to open > 35 mm (Burket 2008; Ferreira et al. 2010) . Patient-reported outcome measures included the NIH Oral Symptom Scores (mouth dryness and oral pain, each on a 0-10 scale) ) and the Oral Health Impact Profile (OHIP) (Slade and Spencer 1994) .
Variables in scoring of the 3 components of oral cGVHD (oral mucosal disease, salivary dysfunction, and limited mouthopening) were used to divide the study group into 3 groups: a group of patients with cGVHD and (1) oral mucosal disease (NIH OMS > 2), (2) salivary dysfunction (saliva volume ≤ 1 mL/5 min), and (3) limited mouth-opening (maximum mouth-opening ≤ 35 mm). These groups were then analyzed with eye, skin, and other organ systems scoring as continuous data, and compared with a group of patients with no specified oral cGVHD disease.
Organ-specific cGVHD scoring. Comparison variables of all organ manifestations of cGVHD were gathered for patients with cGVHD. Transplant clinicians assigned NIH organ-specific scores based on a scale of 0-3 for 8 organ systems for women and 7 for men: skin, eye, mouth, lung, liver, gastrointestinal tract, joint/fascia, and genital (women only). We calculated the NIH average score by dividing the total of NIH organ-specific scores by the total number of organ systems assessed (Filipovich et al. 2005) .
Dermatologists evaluated skin cGVHD using the Body Surface Area (BSA) percentage of skin involvement for erythema or sclerosis. Patient symptom intensity self-report profile included a 0 to 10 scale for the most severe skin itching. Ophthalmologists evaluated lacrimal dysfunction using Schirmer's tear test, measuring the amount of tearing in 5 min, done under topical anesthetic, and the peak severity of the chief eye complaint for the past week, based on a 0 to 10 scale. Lung cGVHD was assessed through pulmonary function testing, and liver cGVHD was judged through liver function tests. Gastrointestinal cGVHD was scored by early satiety, anorexia, nausea and vomiting, dysphagia, odynophagia, and diarrhea signs and symptoms. Joint and fascia cGVHD was evaluated by joint contractures, range-of-motion testing, and limitations of activities of daily living. Female vulva/vaginal cGVHD was scored using clinical signs of genital mucosal disease and vulvar or vaginal scarring. These measures correspond to the clinician-assessed and patient-reported cGVHD measures specified in the 2005 NIH Consensus Working Group for Response Measures ).
Chronic GVHD symptoms scale. The Lee symptom scale measures the degree to which patients are bothered by symptoms of cGVHD. The Lee symptom subscales consist of grouped questions concerning the skin, the eyes/mouth, breathing, eating/ digestion, muscles/joints, energy, and mental/emotional symptoms (Lee et al. 2002) . Symptoms were compared with the 3 oral cGVHD entities as correlated with continuous data.
Statistical Analysis
Non-parametric tests were used. Specifically, comparisons of ordered categorical parameters vs. a dichotomous classification variable were evaluated with a Cochran-Armitage trend test (Agresti 1990) . Parameters which were both dichotomous were compared by Fisher's exact test. An exact Wilcoxon ranksum test was used to determine the significance of the difference between 2 groups with respect to a continuous outcome. Spearman rank correlation was used to determine the correlation between 2 continuous parameters. For the purposes of this study, |r| > 0.50 indicated a moderate-to-strong correlation, and 0.3 < |r| < 0.5 indicated a weak-to-moderate correlation.
To maximize the numbers of participants available for analysis and to minimize potential bias in the disregarding of data, a complete dataset was created based on case deletion for maximum mouth-opening missing data and on regression mean imputation for oral mucosal cGVHD and salivary dysfunction missing data. Regression models were fit for missing datapoints for salivary dysfunction based on xerostomia score (r = -0.48, P < 0.0001) and for oral mucosal score based on OMRS (r = 0.51, P < 0001).
All P values were two-tailed and were not formally adjusted to account for multiple comparisons; however, in view of the number of statistical tests performed, only P values < 0.01 were considered to be statistically significant.
Results
Patient Demographics and Transplant Characteristics
Two hundred and eighty-five post-allo HSCT patients, referred for evaluation of cGVHD, were enrolled for a prospective crosssectional study of cGVHD from 2004 to 2012. Forty-six individuals were excluded from the current analysis: 25 were judged not to have cGVHD and 21 were pediatric patients (age < 18 y). Of the remaining 239 adults with cGVHD, a dataset of 212 was developed based on: (1) oral mucosal cGVHD (NIH OMS score [n = 197] , OMRS score [n = 212]), (2) salivary pathology (saliva production [n = 109], xerostomia [n = 159]), and (3) limited mouthopening (maximum mouth-opening [n = 212]). Table 1 shows the patients and cGVHD characteristics of these 212 individuals.
Oral Mucosal Disease
Oral mucosal disease (NIH OMS > 2) was found in 31% (66 of 212) of patients with cGVHD. The finding of oral mucosal lesions in cGVHD (NIH OMS > 2) was not associated with salivary dysfunction (salivary flow ≤ 1 mL/5 min), with only a 2% overlap between these findings (P = 1). Oral mucosal disease was also not associated with limited mouth-opening (maximum mouth-opening ≤ 35 mm), with only an 8% overlap (2) substitute systemic therapy due to lack of response; and (3) withdrawal of systemic therapy due to lack of response. Not active: (1) decrease systemic therapy because cGVHD is better;
(2) no change in current systemic therapy because cGVHD is stable; and (3) alter systemic therapy owing to its toxicity. Other: either did not receive any immunosuppressive therapy or did not meet any of the criteria. c Intensity of immunosuppression: Mild, single-agent prednisone < 0.5; Moderate, prednisone ≥ 0.5 mg/kg/day and/or any single agent/modality; High, 2 or more agents/modalities ± prednisone ≥ 0.5 mg/kg/day. d NIH Score of 0 not affected versus Score > 0 affected. e NIH Average Score: Total of NIH Scores divided by number of organs affected. f NIH Global Score: Mild, only 1 or 2 organs (except lung), with max score of 1 in all organs; Moderate, at least 1 organ with max score 2 or 3 OR more organs with max score of 1 OR lung score of 1; Severe, at least 1 organ with score of 3 OR lung score of 2 or more. between these manifestations (P = 0.46). There was a 17% (P = 0.003) overlap between oral mucosal disease (NIH OMS > 2) and skin erythema (BSA > 0%) (Fig. 2) . Oral mucosal disease (NIH OMS > 2) was significantly associated with higher mouth pain (P < 0.001), higher NIH mouth score (P < 0.001), and higher skin erythema BSA% (P < 0.001) ( Table 2) .
For symptom association analysis, NIH OMS was correlated with oral pain (r = 0.43, P < 0.001) (Table 3) .
Salivary Dysfunction
Salivary dysfunction (salivary flow ≤ 1 mL/5 min) was found in 11% (23 of 112) of patients with cGVHD. The inability to produce more than 1 mL of saliva in 5 min was not associated with the presence of oral mucosal cGVHD (NIH OMS > 2, 2% overlap, P = 1.0) or with limited mouth-opening (maximum mouth-opening ≤ 35 mm, 1% overlap, P = 0.09). There was an 8% (P = 0.17) overlap between salivary dysfunction (salivary flow ≤ 1 mL/5 min) and lacrimal dysfunction (tears ≤ 5 mL/5 min) (Fig. 2) . Low salivary production (salivary flow ≤ 1 mL/5 min) was associated with xerostomia (P = 0.004) and with low lacrimal production (P = 0.010) ( Table 2 ). Significant associations were found between salivary dysfunction (salivary flow ≤ 1 mL/5 min) and mouth dryness (P < 0.001). For symptom association analysis, salivary production was negatively correlated with xerostomia (r = -0.63, P < 0.001), and xerostomia was positively correlated with eye symptoms (r = 0.32, P < 0.001) (Table 3) .
Limited Mouth-opening
Limited mouth-opening (maximum mouth-opening ≤ 35 mm) was found in 17% (37 of 212) of patients with cGVHD. The inability to open the oral cavity beyond 35 mm was not associated with the presence of oral mucosal cGVHD (NIH OMS > 2, 8% overlap, P = 0.46) or salivary dysfunction (the inability to produce 1 mL of saliva in 5 min, 1% overlap, P = 0.09). There was a 13% (P = 0.006) overlap between limited mouthopening (opening ≤ 35 mm) and skin sclerosis (BSA > 0%) (Fig. 2) . Maximum mouth-opening ≤ 35 mm was significantly associated with the presence of mouth pain (P = 0.006), average NIH score (P = 0.002), skin itching (P = 0.001), and skin sclerosis BSA% (P = 0.008) ( Table 2) . A very weak correlation was found between maximum mouth-opening and the Lee scale for skin symptoms (r = -0.24, P = 0.001) ( Table 3) .
Discussion
This analysis supports the understanding of oral cGVHD as a trio of distinct diseases: mucosal lesions, salivary dysfunction, and limited mouth-opening. These 3 mouth findings are not associated with each other, but are associated with extraoral manifestations of cGVHD. These extraoral sites are similar to those found in the extraoral sites of autoimmune disorders with oral findings clinically similar to those found in cGVHD, as suggested by lichen planus, Sjögren's syndrome, and scleroderma. Oral lichen planus is a chronic inflammatory autoimmune disease that affects the oral mucosa, with a clinical presentation very similar to that of clinically active oral mucosal cGVHD, and which has been used as a comparative disease entity for cGVHD (Sato et al. 2006; Pimentel et al. 2010 ). It has a prevalence of 0.1 to 4%, and, like oral cGVHD, may be a risk factor for oral squamous cell carcinoma (Liu et al. 2010 ). The skin is a primary target in lichen planus, and manifests as either a lichenoid or sclerodermatous variant, with the skin lesions that often resemble those of skin cGVHD disease (Lodi et al. 2005) . Our findings support the commonality between these disease entities by showing an association between oral mucosal disease and skin erythematous lesions and, to a lesser extent, female genital mucosa. The association between oral mucosal disease and female genital mucosal disease warrants further study to assess the association between specific genital and oral mucosal findings. This association also suggests that women with oral GVHD should undergo gynecologic assessment for genital GVHD. Salivary gland pathology is an important component of oral cGVHD, leading to xerostomia, oral infections, and a high caries risk (Castellarin et al. 2012; Mays et al. 2013) . The comparable salivary and lacrimal hypofunction of cGVHD and Sjögren's syndrome has been recognized for decades (Lawley et al. 1977; Sale et al. 1981 ). Sjögren's syndrome is a chronic autoimmune disease that generally affects middle-aged women, with a prevalence of 0.5 to 1% in the population (Mavragani and Moutsopoulos 2013) . Imanguli et al., using a subset of our current cGVHD database, found that 27% (22 of 81) of patients with cGVHD had very low salivary flow (<1 mL/5 min) and that 77% of patients had xerostomia (Imanguli et al. 2010 ). This 2010 study reported a significant association between xerostomia and xerophthalmia, and a lack of association between low salivary flow and oral cGVHD mucosal disease. The authors concluded that salivary gland involvement is a common and clinically distinct manifestation of cGVHD, and that it develops independently of mucosal pathology. The current findings support these conclusions (11% of patients with cGVHD with salivary dysfunction and a significant association of xerostomia and xerophthalmia symptoms with a weak-to-moderate correlation [r = 0.32], and little indication of association between salivary dysfunction, oral mucosal disease, and limited mouth-opening [ Fig. 2]) . The current analysis also expands this association to include that between low saliva production and lacrimal dysfunction, as measured by Schirmer's tear test.
Sclerotic fibrosis of the perioral tissue as a consequence of chronic inflammation can result in restricted oral range-ofmotion in patients with oral cGVHD; this resembles the tissue changes observed in patients with scleroderma (Filipovich et al. 2005; Schubert and Correa 2008) . Scleroderma is a rare autoimmune connective and vascular disorder, affecting less than 0.1% of the population, with significant negative impacts on oral and mandibular function (Ferreira et al. 2010; Schouffoer et al. 2013 ). Scleroderma-like cGVHD can involve any of the orofacial tissues, resulting in fibrosis and limited mouth-opening (Woo et al. 1997 ). Limitations of mouth-opening could lead to problems with oral hygiene and eating, potentially contributing to infection and malnutrition (Imanguli et al. 2008; Schubert and Correa 2008) . The current analysis shows a similarity between oral cGVHD limitation of mouth-opening and scleroderma with limited mouth-opening associated with skin sclerosis, as well as with skin symptoms.
The 3 oral cGVHD types, mucosal disease, salivary gland disease, and limitation of mouth-opening, appear to be separate from each other, with little overlap among their clinical manifestations and little interrelationship. More overlap is seen with specific extraoral manifestations, suggesting underlying tissue-specific predisposition to a particular cGVHD manifestation type, with tissue-specificity among mucosal area, secretory glands, and sclerosis sites. The clinical similarity of these oral and extraoral manifestations of cGVHD does not necessarily show commonality of etiology or pathophysiology. Oral lesions can be caused by diseases other than autoimmune disorders, and drug reaction and infection should be ruled out prior to a diagnosis of oral cGVHD (Mays et al. 2013) . Salivary dysfunction and xerostomia are common drug side-effects (Imanguli et al. 2010) . Limited mouthopening can be secondary to hyperkeratotic mucosal disease, severe mouth dryness, and temporomandibular disorders, and may not be sclerotic in nature (Ferreira et al. 2010 ). However, the clinical similarities and clinical groupings seen in this analysis between common tissue types in disparate organ systems may indicate some commonality in the onset or progression of cGVHD. An attempt was made to create cutoff values for oral cGVHD that were clinically relevant but not too restrictive, to categorize patients into the 3 groups: those with oral mucosal disease, those with salivary gland dysfunction, and those with limited mouth-opening. This allowed for broad association analysis of group cGVHD manifestations, and also provided some clinically relevant points to be assessed for a clinician evaluating a post-HSCT patient. The clinical evaluation of NIH OMS for oral mucosal scoring, 5-minute saliva test for salivary dysfunction, and maximum mouth-opening measurement may form the basis of an oral cGVHD examination.
The limitations of this study arise largely from its crosssectional design. Prospective clinical data would strengthen our association findings, allow for temporal clinical manifestation analysis, and allow for more targeted and less discovery-based hypothesis testing. Tracking these oral manifestations separately should be considered for prospective transplant studies. Additionally, because of the retrospective, cross-sectional design of the current analysis, missing data were addressed by strategies which may introduce bias and skew associations. Also, patients in this study were not medically managed in a uniform manner with respect to systemic and/or topical therapies, and this could influence cGVHD symptoms and manifestations. Finally, due to the referral-based nature of the cohort, the patients included in this analysis were predominantly those with severe and therapy-refractory cGVHD, which limits the generalizability of our results to a more general population.
Despite these confounding variables, this dataset clearly showed the hypothesized associations to segregate out within the confines of the current analysis. Negative findings also reinforce the main associations, and argue for an underlying commonality in clinical presentation that outweighs these biasing factors.
This analysis supports the conclusion of oral cGVHD as 3 separate manifestations, oral mucosal disease, salivary dysfunction, and oral sclerosis, which has potential effects on the etiology, diagnosis, and treatment of oral cGVHD. Clear classification of oral cGVHD as 3 separate manifestations will improve clinical diagnosis, observational research data collection, and the definitions of outcome measures in clinical trials. The increased specificity in defining and discussing oral cGVHD will guide and improve the understanding of oral cGVHD pathophysiology and treatment. 
